Introduction
In recent world, there are many small mechanical parts and products are used for mobile phones, medical devices, home appliances, and so on. However, manufacturing systems for those devices are large and complex. Manufacturing systems are not goals. So, manufacturing systems should be small as possible within satisfying requirements in the production. In addition, every activity in manufacturing industry is required to be environmentally benign, these days. Being environmental consciousness a big trend in manufacturing technology, space occupied and energy used by conventional manufacturing systems became considered as big wastes. Among all the energy usage of a manufacturing system, just a small portion is used for cutting and the rest for moving heavy structures of machines or generating heat. So, a large machine represents considerable waste. As a countermeasure for the situation, AIST (National Institute of Advanced Industrial Science and Technology) proposed a concept of a microfactory that consists of tiny machine tools and robots. However, for the first decade, the concept had been only a figure indicating a future application after micro-machine technology has been developed. Miniaturization of machine tools to size compatible to the target products without compromising the machining tolerances leads to enormous savings in energy, space, and resources. It also makes it easy to change the production layout of the factory. In 1996, AIST developed the first prototype of the miniaturized machine tool; a micro-lathe [1] , with considerable metal cut capability and substantial energy saving effects. The machining capability of the lathe was far better than we expected in advance. This success of the micro lathe was the driving force to prototype a whole factory that performs a series of fabrication and assembly on a desktop. In 1999, AIST designed and established a machining microfactory, which consisted of afore-mentioned micro-lathe, other small size machine tools and manipulators for parts handling and assembly. Ttest results showed that a downsized manufacturing system could be a feasible option for micro mechanical fabrication. Some other miniature manufacturing systems [4] [5] [6] have been proposed since then and the concept has now become quite common. Downsizing of manufacturing systems could potentially reduce environmental impacts and manufacturing costs, especially for diverse-types-and-small-quantity production. However, since no studies have been carried out to evaluate the effect of downsizing quantitatively, the actual potential of such systems to reduce environmental impacts in micro mechanical fabrication is still unknown. In addition, it was found that aforementioned miniature systems had some problems in the aspect of productivity and flexibility, since they mainly focused on reducing the size. In 2007, AIST developed the new concept of downsized manufacturing system called "on-demand MEMS factory." And a simple method for evaluating the environmental consciousness and productivity to help system configuration design was also proposed. Then AIST compared the evaluation results with that of a conventional manufacturing facility, in order to say that the concept is feasible and hopeful.
The First Prototype; Microfactory

Micro/Meso Mechanical Fabrication
"Microfactory" was a concept of a future manufacturing system as an answer to the situation. It was proposed in the Japanese national R&D project named "Micro Machine Project [1] ." The concept of the microfactory was very simple. The development team including one of the authors thought if it is possible to build "a super-miniature factory" for micro mechanical fabrication, environmental impact of manufacturing can be decreased greatly. In 1999, AIST developed the first prototype of a microfactory that consists of miniature machine tools and miniature manipulators. (Fig.1) The microfactory was able to perform a series of fabrication and assembly within a small desktop [2, 3] . The result of the test production led us to conclude that the microfactory had considerable capability of micro mechanical fabrication. The development team insisted that the microfactory would reduce environmental impact and costs of "diverse-types-and-small-quantity production", "one-off production" or "variety-and-variant production". Since the smallness of the machines enables flexible layout changes, it can control the increase of the costs when the product designs have been modified. However, since there have been no effort to evaluate efficiency of the microfactory comparing with conventional factory quantitatively, the advantage to reduce environmental impact is still uncertain. The purpose of this report is to explain briefly about the microfactory and propose a simple and useful efficiency index to support system configuration design of microfactory-like system.
Design of the Microfactory
The features of the microfactory due to extreme compactness are shown below. a) Significant reduction of energy consumptions for machine drive and atmosphere control. b) Increase of flexibility in the system layout. c) Improvement of machine robustness against external error sources due to low heat generation and high resonance frequency. d) Increase of speed and positioning accuracy due to decrease of inertial forces. These features can be implemented to systemize various type of future manufacturing systems, which were extracted from an investigation [2] . Those are on-site manufacturing, mobile manufacturing, manufacturing under extreme condition, and so forth. In 1998, the authors proposed a conceptual drawing shown in Fig.1 . The figure shows the microfactory under microscopic vision and master-slave control by an operator to assemble small parts to a product. We tried to prototype the practical microfactory according to the figure.
Fig. 1. Concept of the microfactory
Although the original concept contains not only machine tools and manipulators but also measurement instruments, for the first systemizing effort, we tried to prototype the left upper half of the drawing, except inspection devices. The actual factory shown in Fig. 2 is the first prototype of the microfactory developed in 1999, integrating of three machine tools and two manipulators. The components of the factory were set on a desktop, which is approximately 50cm deep and 70cm wide. Controllers, amplifiers and measurement systems were placed under the table. Using the desktop microfactory, test production experiments were conducted to confirm the capability of the system for machining and assembly to manufacture miniature mechanical products. The concept of the microfactory is to fabricate small products using small amount of energy and space. Production rate has not been a critical issue at this time. On the other hand, the configuration change of the factory corresponding to the product will be flexible. From the beginning of the project, new manufacturing systems enabled by the microfactory technology have been always focused on. For example, microfactories will enable on-site and on-demand manufacturing by transferring complete set-ups of factories to places where small products are necessary. In 2000, the second prototype of the microfactory was packaged in a suitcase having the same components as the first desktop prototype had, to demonstrate its portability and the above-mentioned concept will have a reality in future. The portable microfactory shown in Fig. 3 is driven by single AC100V power source and its power consumption during operation is 60W. The dimensions of the external case are 625mm long, 490mm wide and 380mm high and it weighs approximately 34kg. The target device is selected with a rotary switch and controlled manually by using two levers. An operator can observe the machining sections via an LCD monitor and three CCD cameras mounted on three machine tools.
Fig. 3. Portable microfactory
Development of a miniature manufacturing system as the afore-mentioned microfactory is becoming a trend in precision manufacturing area. In the US [3] , Germany [4] , Switzerland, Singapore and in some other countries, many microfactories have been developed or proposed. In Japan, the other interesting trial is an EDM microfactory prototyped through collaborative research work by several private companies. (Fig. 4 
Component Design of the Microfactory
As it was mentioned in the former section, the microfactory consists of three miniature machine tools and two small manipulators. The components are the micro lathe, a micro press machine, a micro mill, a micro transfer arm and a micro two-fingered hand.
Micro-lathe:
The first performable component of the factory, micro-lathe developed in 1996. Fig.5 shows a photograph of the micro-lathe. The major parts of the micro-lathe are a main spindle unit, two linear feed units, and a tool holder. The dimensions of the micro-lathe are 32 mm in length, 25 mm in depth, and 30.5 mm in height. It weighs 100g and the motor to drive the main spindle is only 1.5 W DC motor. The dimensions, weight and the rated power of the micro-lathe are respectively about 1/50, 1/10000, and 1/500 of a normal lathe. By attaching cemented carbide or diamond tool as the cutting tool, the micro-lathe could machine brass, stainless steel and other materials. Surface roughness and roundness error were measured to evaluate the machining performance of the lathe. In the case of brass, the surface roughness (R max) in the feed direction was approximately 1.5 m and the roundness error was 2.5 m in average. Roughly speaking, these results indicate that the micro lathe is more accurate than a conventional lathe. Micro press: The next component of the microfactory is the micro press machine indicated in fig. 6 Plasticity processing seems to be a hopeful area to replace conventional large machines my miniature machines. Although the press machine is only 170mm in height, it implements six stages forward-feed process including four punching and two bending processes shown in Fig. 7 . in a single small die-set. (Fig.8) The small die-set enabled a high accuracy and high speed stroking performance reaches nearly 500 strokes/min. The late is no less than that of a big so-called "high speed press machine". As the study indicated, the micro press machine has a high possibility for practical use for micro mechanical fabrication. For the machine tools of the microfactory, the existing experience of machine tool design may not be applicable. Machine tool designers will need a general design guideline to appropriately reduce the size of machine tools. In designing the third component of the microfactory; the micro mill, we proposed a new design assisting tool. The tool combines an analytical procedure representing the machining motions known as form-shaping theory [6] with a well-known robust design procedure; the "Taguchi method" [7] . The effort identifies critical design parameters that have significant influence on the machining tolerance [8] . In this paper we applied the method to analyze the effect that the machine tool structure has on its machining performance. To obtain a design guideline, we compared two different designs having same machine parts, same dimensions and different distribution of degrees of freedom (DOF). Following the machine tool elements from the product towards the cutting tool, one has two axes before the static part (type 1), whereas the other has all three axes concentrated (type 2). Fig. 9 shows the two designs. Machine structure like type 1 is the most common design for mills. A significant question is which of the two typical types has better theoretical performance than the other. Design evaluation method proposed by one of the authors [9] clarified type 1 is better. According to the evaluation result, actual micro mill used in the microfactory was designed as Fig.10 . The machine has three feed axes and the main spindle, being approximately 12 X 12 X 10 cm. It can perform drilling up to 2mm in depth and face milling up to 3 mm X 3 mm in area. For the feed motions and the rotational motion, DC servo motors were used. In a factory, assembly is also an important process. As for the parts handling of the microfactory, the micro transfer arm was designed. (Fig. 11 ) One of the primary functions needed to the arm was a pick-and-place capability of the parts machined by micro machine tools. According to the purpose, multiple requirements such as compact mechanism for less space occupation, wide work-area for transfer capability and fine positioning accuracy were necessary. To meet these requirements, the arm features parallel mechanism shown in the figure and has 4 degrees of freedom (DOF) for the end-effector, 3-DOF for transitional motions, and 1 for a wrist rotational motion. AC servo motors to drive two transitional motions and one rotational motion are concentrated in the cylindrical body to achieve a compact size and flexible movement at the same time. Vertical motion of the gripper is done by a linear ultrasonic motor. Using vacum suction, the arm can transfer all the parts handled in the microfactory, from a parts stocker to an assembly yard. Locations of the stocker and the assebmly yard should be studied by the controller in advance to the operation. However, to dettach the parts from the machine tools and to place them to the stocker, must be done by human operation.The basic configuration of the transfer arm is shown in Fig. 12 . The parallel mechanism in the top consists of one active joint A and three passive joints B, C and D. The links AB and AC are driven at joint A by DC servo motors. By moving AB and AC to the same directions, the end-effector rotates around joint A. The end-effector moves towards or against joint A, by moving AB and AC to opposite directions. Through experimental evaluations, the repetitive positioning error of the gripper edge along the X-Y plane was less than 10 m. Micro two-fingered hand: The last component of the microfactory is shown in fig. 13 . The two-fingered micro hand with two finger modules was designed for parts assembly in the microfactory. It was designed based on the chopsticks manipulation [10] . The chopsticks manipulation can be performed with two fingers having 3-DOF parallel mechanism each. Each finger module has a thin glass rods, is driven by three PZT actuators and works collaboratively to achieve high positioning accuracy for micro assembly. Using two fingers, the micro-hand can grasp, move or rotate the small objects from about 50 to 200 microns. In this size, since surface force is more significant than gravity, it is relatively difficult to release the object, rather than to grasp it. The main reason to use glass for the fingers is that it is relatively easy to obtain sharp edges by heating and stretching the glass rods. Being the positioning accuracy of the edge of the glass finger within 0.5 microns, this micro hand was originally developed for cell handling, and contributed in the microfactory project by assembling the tiny parts placed by the transfer arm. Parts to be handled in the micorfactory have a few hundreds microns in size, and it is necessary that a working area of the hand is more than the parts sizes at least. However, a PZT device as an actuator has only about 1 % elongation capability of its length. Layer type PZT actuators were used to satisfy the requirements. Because a micro hand with compact size was demanded for the micrfactory, the hand was arranged as turning back an inner finger module into inside of an outer finger module. 
Test Production
To prove that the microfactory is capable to machine and assemble a "product", we selected an extra small ball bearing as the test product. Fig. 14 shows the target product, which is a ball bearing having 100 m rotary shaft diameter and 900 m outer diameter. The next Fig.   15 shows the results of the test production. The shape appears in the top of the photograph is the bearing assembly that 7 steel balls each side. Following procedure was the anufacturing process for the test product shown in Fig.15. 1) The micro press machine punched the top cover of the bearing.
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2) The micro lathe turn-cut the rotary shaft.
3) Micro mill machined the top and bottom surfaces of the cup type bearing housing and drilled the inner cavity. 4) The micro transfer arm transferred the parts from the parts stocker to the assemble yard by vacuum suction type gripper. 5) The micro two-fingered hand assembled all the machined parts and steel balls. 6) To ensure the assembly, top cover and the bearing housing were fixed by liquid bond.
As the result of the fabrication of the ball bearing, the microfactory was capable to assemble the test product within a single desktop, which is approximately 50 by 70cm. In addition, because of its extremely small size, it would be easy to reconfigure the system corresponding to the large variety of the products. Therefore, the microfactory has a future possibility as a manufacturing system to produce many varieties of extra small machine parts. However, it still has some problems, such as the low production rate or the difficulty of the fixture of the product. To apply the microfactory or similar small manufacturing systems to actual productions, those problems have to be solved. unit m 
Proposal of Total Performance Analysis
Total Performance Analysis of Eco-Products
This paper tries to define an index that can be used to evaluate the efficiency of manufacturing processes. Based on existing research [11] , the authors have proposed an index that can be used to evaluate the real environmental performances of products by considering each product's utility value, cost and environmental impact, throughout the lifecycle of the product. The efficiency index is defined by (1).
LCE LCC
UV TPI  Value per cost is often used to evaluate product performance in the field of quality engineering, and additional value per environmental impact (so-called eco-efficiency [12] ) is also a common index used in design for the environment [13] when evaluating other aspects of product performance. However, there are three major reasons why we consider that these existing evaluation indexes cannot be applied to practical design improvements for individual products. 1) Existing indexes cannot evaluate the environmental and economic aspects simultaneously. 2) Since the "value" is a fixed amount, existing indexes cannot accommodate any change in value throughout the product lifecycle. 3) Since existing indexes often consider a product as an inseparable object, they are not helpful in identifying bottleneck components. In order to address the point 1) of the abovementioned problems, the proposed index comprises the simplest possible combination of the value/economic efficiency and the value/environmental efficiency. In our proposal, because the utility value of the product can be expressed as an integral of its occasional value throughout its lifecycle, it can simulate value deviation. About the point 2), Fig. 16 shows the assumed value decrease curve, due to two reasons shown in the figure. In addition to solve the point 3), when estimating the value in the equation, it is possible to allocate value to each component by using a QFD [14] approach. By this approach, it will be possible to calculate the defined TPI for each component. Then, by comparing the component TPI with that of the product average, we can answer which component is the bottleneck in enhancing the total environmental efficiency of the product. Therefore, our proposed TPI can provide an answer to the problems encountered with existing ecoperformance indicators.
Extension to Manufacturing Systems
The same approach can be used to evaluate the efficiencies of manufacturing systems. The extended calculation shown in (2) was proposed in the existing paper [15] and is used to evaluate system efficiency of the on-demand MEMS factory on the same basis. In this equation, the efficiency of the system is defined by the sum total of product values produced by the manufacturing system within a set period of time. Cost and environmental impact during the corresponding period are also considered. The cost and environmental impact involved in building the manufacturing system itself (the so-called initial cost and initial environmental impact) should be divided by the lifetime of the manufacturing system, and assigned to C and E in the equation. T: period of estimation m: kinds of product k: number of the first process in the system l: number of the last process in the system However, it is not easy to quantitatively calculate (2) when the system produces a range of different products because it is necessary to quantify all the values of these different products. However, when the product of the manufacturing system is always the same, the system TPI equation can be simplified to (3). Instead of using the utility value of a product, as defined in the original index, the throughput of the manufacturing system, "Tp", can be adopted. By defining the throughput as the number of products fabricated within an hour, the total performance indicator of the manufacturing system can be calculated. "C" can be calculated by using the sum total of machine costs, labor costs and energy costs during the corresponding time period. However, other costs such as the cost of electricity (about 20 yen/kWh) are negligible. The cost of labor is assumed to be 5.0 (million yen) per person per year. For "E," equivalent CO2 emission is the simplest index that can be used to evaluate the environmental impact. Therefore, "E" can be expressed by using the sum of CO2 emission values caused by power consumption and the materials used for machines and products. When considering electricity usage, 1kWh of electricity consumption is equivalent to 0.38kg-CO2.
Analysis of the Microfactory
Analysis of the Manufacturing Process
To fabricate the test product; miniature ball bearing shown in Fig.15 , manufacturing process in Fig.17 was applied. Every part starts from the material shown in the upper side, passes through some sub-processes shown in the block and reaches the assembly processes written in the lower side. From the figure it is easily imaginable that the assembly processes are very time-consuming, because the processes should be done sequentially under a microscopic vision using the micro-hand. Table 1 indicates the average process time of the corresponding processes in Fig.17 
Total Performance Analysis of the Microfactory
According to Fig.17 and Table 1 , it is evident that the assembly operations done by the micro hand were the bottlenecks for the throughput. However, it is necessary to be aware that the flexibility of the process was assured by the function of the micro hand. Machine and labour costs are also important for manufacturing system designs. Table 2 shows the rough estimation for the cost of the machines used in the microfactory. And also the energy consumption of each machine is an important factor to consider system efficiencies. Table 3 shows the average power consumption of the machines during the operation. Both tables show that the micro hand was the most critical components for cost and energy, as well. Table 3 . Energy consumption
Configuration Design Based on the Analysis
Analysis of the manufacturing process mentioned in the former section showed that the assembly processes performed by "micro-hand" is critical both for throughput and environmental impact. When the number of components or operators is not limited to be 1, a simple strategy to enhance system efficiency will be to increase the number of the "hands." By assuming the annual operation time of the system is 1600 hours, the efficiency is calculated by aforementioned equation (3) . By changing the system configuration, bottleneck will not always be the micro hand. Case study is necessary. Fig.18 shows the behaviour of the system efficiency calculated by the equation. In the figure, since press and transferring processes are not significant for the overall throughput, the figure shows the behaviour of the system efficiency according to the change of the number of hands, lathes and mills. According to Fig.18 , it can be said that there are some local maximums. The result suggests that there are some suitable system configurations to satisfy low environmental impact and high efficiency simultaneously. By using the proposed efficiency indicator, it is possible to optimize system configuration of a microfactory-like miniature and modular manufacturing system.
Proposal of On-Demand Factory
Overview of the New System
To apply the idea of the first "microfactory" to practical manufacturing systems, a new development was necessary. The next-generation microfactory should be a system which enhances the original concepts of "miniature," "flexible," "environmentally benign" and "lean" to practical levels. Fig.19 shows a new prototype for a downsized factory (developed by AIST) which is called the "on-demand MEMS factory" [16] . As shown in the figure, there are four modularized units connected in-line. Each unit is 500mm wide, 800mm deep and 1200mm high. In this system, each unit corresponds to one process. Fig. 19 . Overview of the On-demand factory
What's New?; Metal-Based MEMS
The set-up shown in the figure includes a mechanical press unit, an aerosol deposition (AD) [17] unit, an annealing unit and a wiring unit. AD deposition (Fig.20) is an innovative and very productive manufacturing process for fabricating thin functional layers such as PZT layer. The system was designed to produce an optical scanner [18] . Micro optical scanners are a typical MEMS device and are usually fabricated on a silicon base structure. Silicon processing technologies, such as chemical vapour deposition, photolithography, reactive ion etching, etc. are used for the fabrication. Silicon is a good option for the base material of optical scanners, but other options are available. If there is an alternative material that can support the functional layers of the scanner, such as the electrode and PZT-resistor, and if a micro machining process can be applied, then "silicon" is not irreplaceable. In the ondemand MEMS factory, the use of a metal-base structure was proposed. It meant that the structure of the optical scanner is made of metal and that the electrode, PZT-resistor, etc. are directly deposited onto the base structure. For the fabrication of the base structure shown in Fig.21 , a progressive micro mechanical press (Fig.22) can be used. Mechanical press is a lowcost, environmentally benign and highly efficient manufacturing process. Since the micro press unit composes the base structure of the device, it is not necessary to use silicon dry etching process which is a rather time-consuming process, requires a large facility, also. In addition, when product design changes, in the system can correspond by exchanging the die-set of the press unit. When there is a change in the process requirement, it is also possible to comply by switching the modularized units. Therefore, when product design changes occur frequently, high flexibility may compensate for low throughput. 
Comparison with Conventional MEMS Fabrication
To test whether the on-demand MEMS factory is a feasible system for diverse-types-andsmall-quantity production, system efficiency was compared with that of a conventional MEMS facility. AS for the set-up of the on-demand MEMS factory shown in Fig.19 , task times for each unit are shown in Table 4 . It is also necessary to estimate machine costs, power consumptions and environmental impacts. However, since the system was developed by a package, it is difficult to determine the initial cost of each unit. Basically, the budget to prototype the units varied from 4 to 6 million JPY. Therefore, the average cost of each unit is assumed to have been 5 million JPY. Power consumption for each unit is shown in Table 5 . Finally, the environmental impact (based on machine fabrication) should also be estimated. The weight of each unit varies from about 50 to 100kg, and each unit has one or two computers inside a structure made from aluminum, stainless steel and various plastics. A rough approximation of environmental impact was therefore based on LCA examples for computers and a typical mixed material machine (automobiles [19] ). Survey data showed that, for a laptop computer, CO2 emissions from the production stage totaled 109kg, while the equivalent figure for a car was about 2,800kg (estimated to be 2.8kg-CO2/kg). The results are shown in Table 6 . Environmental impact caused by the fabrication of on-demand factory units
Based on these data, the system TPI of the on-demand factory, in various configurations, can be calculated. Typical manufacturing processes for MEMS devices are based on silicon processing technologies. The process requires expensive machines for photolithography and etching, high levels of power consumption, solvents, and so on. Fig.23 shows a typical manufacturing process to fabricate silicon-made MEMS devices using semi-conductorfabrication based technologies. However, focusing on diverse-types-and-small-quantity production of MEMS devices, an important requirement for manufacturing systems is the ability to change processes and system configurations flexibly in response to the frequent design changes made to the product. The on-demand factory has the ability to cope with such changes. In this system, one unit corresponds to one process. Since the micro press unit makes the base structure of the device, the system can respond to product design changes by exchanging the die-set of the press unit. Therefore, when frequent product design changes occur, high flexibility may compensate for low throughput. To simulate this point, the system efficiency of the ondemand factory was compared with that of a conventional MEMS line. Table 7 shows the comparison between an on-demand MEMS factory and a conventional silicon-based MEMS fabrication facility. Assuming that etching is the bottleneck process, the system throughput of the silicon-based MEMS can be calculated from the etch rate of silicon. In a technical paper [20] , it was stated that the maximum Si etch rate was 15.6mm/min. Using the most recent dry etching equipment [21] , an etch rate of 56mm/min has been reported. Assuming that the thickness of the sacrificial layer is about 500mm and that the equipment can have 6 parallel lines, the maximum throughput of the total system can be calculated. The comparison shown assumes that 12 devices can be made from one 4-inch wafer. Other data have been derived from surveys [22] As for the machine weight, since this is difficult to estimate quantitatively, we have assumed that it is roughly proportional to the machine setup area. Fig.24 shows the comparison between the system TPI of the on-demand MEMS factory and that of a conventional MEMS production facility. In this figure, the maximum throughput of the conventional MEMS facility is shown along the horizontal axis. As shown in the figure, the maximum throughput of a single optimized on-demand factory is 120 units/hour. Therefore, as long as the required throughput is lower than this, one ondemand factory is sufficient. In order to respond to higher throughput, however, a second on-demand factory system is needed. When the required throughput is just over 120 units/hour, the TPI of two on-demand factory systems is almost half the maximum TPI of the single system, and when the second system approaches its full operation stage, the throughput of the total system approaches 240 units/hour and the TPI of the total system reaches its maximum. As shown in the figure, it is evident that the system TPI of the on-demand factory is always higher than that of the conventional MEMS facility. Of course, this is only a simulation and it contains many assumptions. For example, it is not clear whether the maximum throughput can be always achieved by the on-demand MEMS factory, and it is not evident whether the value of a silicon-based MEMS device and a metal-based MEMS device is the same. Even though there are still some problems to be resolved, the comparison indicates that the newly developed on-demand MEMS factory has a bright future as a practical diverse-types-and-small-quantity production system of MEMS devices.
Summary
In this chapter, the microfactory developed by AIST in 1999 was introduced. The prototyped desktop microfactory showed the capability as a space-saving and energy-saving manufacturing system for small products. The portable microfactory demonstrated a concept of a future on-site manufacturing. The capability was proved through the test production. The development team explained that the advantages of microfactory-like miniature manufacturing systems are low environmental impact and high production flexibility. However, the actual effect has not been estimated quantitatively until now. In order to evaluate system efficiencies of those manufacturing systems and to prove that microfactory-like systems are reasonable options for diverse-types-and-small-volume production, a simple index to evaluate the system efficiency of manufacturing systems was proposed, based on the Total Performance Indicator proposed by the authors group. The indicator can evaluate the balance of functionality, cost and environmental impact of various products, considering value change throughout the product lifecycle. This time, the same idea was applied to manufacturing system evaluation. Using the modified equation, system efficiency of the first microfactory was calculated. As the results of the analysis, it was suggested that it would be able to re-design system configuration, by using the evaluation result. It led us to conclude that the proposed efficiency index is suitable for a modular manufacturing system like the microfactory. However, the actual efficiency of the microfactory was not high comparing to a typical mass production system for the same product. The fact suggested that a newer development would be necessary. Then, a new concept of a miniature manufacturing system called on-demand MEMS factory was introduced. And the same index to evaluate the system efficiency of a downsized manufacturing system was applied by considering system throughput, machine costs, labor cost, and CO2 emission caused by machine material and electricity. The evaluation result was compared with a rough estimation of the efficiency of a conventional MEMS fabrication facility based on semi-conductor fabrication technologies. The comparison indicated that the efficiency index of the on-demand MEMS factory was basically higher than that of the conventional facility. Especially when the required throughput is low, the advantage of the on-demand MEMS factory was evident. Thus, it was concluded that the concept is suitable for diverse-types-and-small-quantity productions of MEMS devices. In addition, manufacturing processes implemented in the on-demand MEMS factory such as "aerosol deposition" and "progressive mechanical press" were highly productive and environmentally benign processes comparing to conventional semiconductor fabrication technologies. Therefore, it was suggested that by applying new manufacturing technologies, an alternative material and a well-designed system, MEMS fabrication can be greatly improved. As the future work, more precise comparisons with conventional manufacturing systems are required in order to prove the effectiveness of the concept. And quantification of product value when the design of the product is changed is also necessary. About the evaluation method, modification of efficiency index to consider production flexibility along with frequent changes of product design will become necessary to estimate the real advantage of modularized manufacturing systems. And comparison with other integrated eco-efficiency evaluation methods will be necessary to insist the advantages of the proposing method.
